The technique of recording spinal cord withdrawal re exes as single motor units (SMUs) does not require intense preparatory surgery and allows the study of the nociceptive system in physiological conditions. It has been used to show that the wind-up phenomenon depends on the level of excitability of spinal cord neurones, the integrity of the spinal cord and the parameters of the stimulation used. We have now used SMU recordings to assess whether wind-up is also an heterogeneous phenomenon depending on the muscle studied, and, if so, how the presence of hyperalgesia affects its generation. The experiments were performed in normal and carrageenan-induced in ammation in male Wistar rats anesthetized with achloralose. Wind-up was recorded in units from peroneus longus, tibialis anterior and extensor digitorum longus. The results showed that in normal animals, the curves of C-bre mediated wind-up reached saturation at different times and the shape of the curves was different depending on the muscle studied and on the intensity of stimulation used. In in ammation, however, C-bre mediated wind-up became very uniform in the muscles studied, with a similar shape and saturation point. A-bre mediated wind-up was only observed in animals with in ammation and no differences were observed between muscles. We conclude that in the absence of preparatory surgery and in ammation, C-bre wind-up is heterogeneous, and supports a modular organization of nociceptive spinal re exes. In hyperalgesia, however, wind-up curves are similar in units from different muscles, con rming a loss of modular organization that also affects the generation of wind-up.
The phenomenon of wind-up (Mendell 1966 ) is de ned as the progressive increase of responses evoked in spinal cord neurones involved in the processing of nociceptive information to constant repetitive electrical stimulation. It is observed both in spinal cord neurones (see for example Wagman & Price 1969 , Price et al. 1971 ) and spinal withdrawal re exes (Price 1972 , Schouenborg & Sjö lund 1983 and has been described as a C-bre-mediated event in which the NMDA subtype of glutamate receptor (Davies & Lodge 1987 , Dickenson & Sullivan 1987 and the neurokinins NK1 receptor (De Felipe et al. 1998 ) are directly involved. A-bre mediated wind-up has been also observed in SMU preparations, but only after the induction of central sensitization (Herrero & Cervero 1996a) .
In most cases, wind-up has been studied using preparations that require extensive surgery, (i.e. a large incision on the back of the animals, extensive laminectomy, and opening of the dura mater) and might alter the properties of spinal cord neurones and the processing of nociceptive information. The preparation of SMU recordings avoids most of this surgery, since it only requires the cannulation of the trachea and blood vessels to maintain the physiological conditions of the animals, and allows the recording of spinal cord activity in more physiological conditions (Hartell & Headley 1991 , Herrero & Headley 1991 . We have previously shown, using this technique, that wind-up is a phenomenon with a high plasticity (Herrero & Cervero 1996a,b) , higher than previously shown (Davies & Lodge 1987 , Dickenson & Sullivan 1987 . The generation and characteristics of wind-up depend on the excitability of the spinal cord neurones, the integrity of the spinal cord, and the duration of the stimulus used (Herrero & Cervero 1996a ,b, Herrero et al. 2000 . Also, the integrity of the NK1 receptor is essential to evoke SMU wind-up (De Felipe et al. 1998) and the phenomenon may be considered as a manifestation of spinal cord excitability, and therefore can be reduced by drugs which are able to induce a depression of the nociceptive system, for example non-steroidal antiin ammatory drugs with a central action (Willingale et al. 1997 , Mazario et al. 1999 or opioids (Strimbu-Gozariu et al. 1993 , Herrero et al. 2000 .
Single motor unit wind-up however has not been studied in re exes mediated by different muscles of the hindlimb, and it is not known if its generation and properties are different depending on the muscle studied or if it is a common phenomenon that only depends on the level of excitability of spinal cord neurones. In fact, a modular structure of withdrawal re exes has been proposed in normal animals (Schouenborg et al. 1994) and we have observed that such organization does not seem to be present in situations of in ammation and hyperalgesia using noxious mechanical stimulation (Solano & Herrero 1998) . The aim of the present study has been therefore to examine whether the SMU wind-up has different characteristics in spinal cord nociceptive withdrawal re exes mediated by three different muscles, and to examine the changes that might occur during situations of spinal cord hyperexcitability induced by peripheral in ammation.
Materials and methods
Single motor unit responses to repetitive electrical stimulation were studied in 44 Wistar CRL (W) BR male rats from Charles River, weighing 282-412 g, divided into two groups: control (nˆ22) and in ammation (nˆ22). The animals were kept and bred in the Animal Research Centre of the University of Alcala complying with the European Directive 609=86=EC. Up to four animals were maintained per type III Makrolon T M cage. The environmental conditions in the facilities were temperature of 21 § 1¯C, relative humidity of 55 § 5% and a 12 : 12 h light=dark cycle. The animals were fed ad libitum with rat standard diet (Panlab A04 TM ). They were brought to the laboratory at least 24 h before the experiment. The in ammation was induced by the intraplantar injection of 100 ml of Carrageenan lambda (Sigma), 10 mg=ml in distilled water, the day before the experiment under brief halothane anaesthesia (1.5-2% in oxygen for maintenance and 5% in oxygen for induction). The level of in ammation was assessed by the measurement of the displacement of liquid produced by the immersion of the paw in a graduated cylinder lled with water. The paw volume was measured before the injection of carrageenan and at the end of the experiment.
The only preparatory surgery made was the cannulation of the trachea, one carotid artery and two super cial jugular veins, under halothane anaesthesia (with the same concentrations for induction and maintenance as for the administration of carrageenan). After the surgery, the halothane was discontinued and anaesthesia maintained with a-chloralose (Sigma) with an initial dose of 50 mg=kg i.v. followed by 20 mg=kg=h using a perfusion pump. The preparation was left to rest for at least an hour before the recording started. Blood pressure was continuously monitored and, though the values observed varied between animals, the systolic pressure never fell below 100 mmHg. Core temperature was measured and maintained close to 37¯C by means of an homeothermic blanket.
The recording of SMUs was achieved using the technique published previously in detail (Solano & Herrero 1997 and references within) . Brie y, a bipolar tungsten electrode was inserted percutaneously using a micromanipulator in muscles of the hindlimb, xed in an inframaximal extension by means of plaster of Paris. The isolation of each unit was performed by applying mild pressure on the paw while moving the electrode within the muscle. The rst unit isolated was studied without any kind of selection and only one unit was recorded per animal.
Electrical stimulation was applied using a pair of 0.2 mm stainless steel needles inserted transcutaneously into the most sensitive area of the receptive eld (usually the fourth or fth toe, see Solano & Herrero 1998) . The threshold and latency for A-and C-bre mediated responses were assessed prior to applying trains of repetitive electrical stimulation (1 Hz, 16 pulses, 2 ms width). The intensity of stimulation needed to obtain at least two spikes in the early (A-response) or in the late volley (C-response) in 50% of the tests was considered as the threshold of stimulation for these two components of the response (see Herrero & Cervero 1996a ,b for more details). Trains of stimuli were applied at 3 min intervals at threshold intensity for the activation of A-and C-responses, and two and four times the threshold for each of the responses. Each stimulus train was repeated three times and the result considered for analysis was the mean of the three values obtained. A-and C-bre mediated responses were separated on the basis of the different latency and threshold for activation (see Herrero & Cervero 1996a ). An original example of C-bre wind-up is illustrated in Fig 1. The latencies for A-and C-bre mediated responses were measured using threshold intensities of stimulation. The responses counted in the rst 5 ms, in which the stimulus artefact was always included, were excluded from the analysis. The spikes counted between 5 and 150 ms after each stimulus were included in the A-bre mediated group of responses, whereas those counted between 150 and 650 ms after the stimulus were included in the group of C-bre mediated responses (Herrero & Cervero 1996a , Gozariu et al. 1997 .
The duration of the experiments varied depending on the dif culties in the isolation of the units, but in no case did they last for more than 6 h from the start of recording, and the average was of 4.27 h, with no more than four penetrations in each muscle. In all the experiments, the ring rate and threshold for each unit were studied at the end of the experiment and compared to the parameters observed at the beginning of the experiment, observing no differences between them. At the end of the experiment, 5 ml (4% in 0.5 M sodium acetate) of Pontamine sky blue was injected through the electrode in order to mark the muscle studied (see Solano & Herrero 1997 for more details). The animals were killed by an overdose of sodium pentobarbitone (Eutalender, Norton) and the muscle was identi ed according to Popesko et al. (1992) .
Online collection of data was performed by computer using commercial software (spike 2 for Windows, CED Ltd). Data are presented as mean § SEM. Statistical signi cance was calculated comparing each curve with the control response (control being the number of spikes recorded with the rst pulse 616), and using one-way analysis of variance (ANOVA) with post hoc Dunnett's test. The non-parametric Mann-Whitney U-test was used to compare the level of in ammation induced by carrageenan (software: Graph Pad Prism and Instat for Windows).
All the experiments performed in this study were carried out in accordance with European Union legislation regarding the use of animals for experimental protocols.
Results
Wind-up responses were studied in SMUs of three muscles: peroneus longus, tibialis anterior and extensor digitorum longus. The tests were performed in two groups of animals: control (peroneus longus: 10, tibialis anterior: 6 and extensor digitorum longus: 6) and carrageenan-induced in ammation (peroneus longus: 10, tibialis anterior: 6 and extensor digitorum longus: 6). The increase in the paw volume induced by the injection of carrageenan with respect to the pre-injection volume was 1.05 § 0.05 ml (P < 0.001).
In the normal animals, the shape of the wind-up curve in C-bre mediated responses was different depending on the muscle studied (Fig 2A) . At threshold intensity of stimulation, classic wind-up, with a saturation of the responses obtained with the latest pulses applied, was only observed in units from the peroneus longus (saturation at stimulus 11 to 13, P < 0.01). The units from tibialis anterior and extensor digitorum longus showed an early saturation (stimulus 4 and 5, respectively) followed by a habituation of responses. The initial increase of responses was signi cant in both cases (P < 0.01) but had a different pattern, being very sharp in peroneus longus and rather low in units from tibialis anterior. A comparative study of the curves showed that they were different (peroneus longus vs tibialis anterior: P < 0.05; peroneus longus vs extensor digitorum longus: P < 0.01 and tibialis anterior vs extensor digitorum longus: P < 0.01).
When using a stimulus of four times the threshold intensity, the curves were shifted to the left due to an early saturation that occurred within the rst four pulses in all cases ( Fig 2B) . No signi cant increase of the maximum response was observed in any of the cases studied, and the shape of the curves was also different depending on the muscle, since the saturations occurred at different times. The differences between the curves were signi cant in all cases: peroneus longus vs tibialis anterior or extensor digitorum longus: P < 0.05; tibialis anterior vs extensor digitorum longus: P < 0.01. The curves observed at two times the threshold for stimulation (data not shown) were very similar to those observed with the highest intensity stimulation. An example of the wind-up observed when using two times the threshold for stimulation in a peroneus longus SMU is shown in Fig 1. In animals with in ammation (Fig 3) the shapes of the wind-up curves were different when compared to those in the control group. A progressive increase of responses with a late saturation was observed in all cases when using threshold intensity for stimulation. Saturation of responses was seen at stimulus i.e. spikes recorded with the rst pulse £16); in tibialis anterior and extensor digitorum longus units an initial increase of responses was observed during the rst four or ve pulses but was followed by a habituation of responses. The shape of the curve was also different in these two muscles (B) Using suprathreshold stimulation, the saturation of the curve occurred earlier in all cases but the shape of the curves remained different between muscles. (PL: peroneus longus, TA: tibialis anterior, EDL: extensor digitorum longus) The increase of the responses was signi cant in units from the three muscles when stimulated at threshold intensity ( * P < 0.05; ** P < 0.01), the saturation of the curves was observed at stimulus 13 to 15 (B) Suprathreshold intensity of stimulation induced a shift of the response to the left, due to an earlier saturation. In the three cases the shape of the curve was similar. Abbreviations are as for Fig 2  13 to 15, and there was a signi cant increase of responses compared to the control response (tibialis anterior: P < 0.05, peroneus longus and extensor digitorum longus: P < 0.01). No differences were observed when the curves from different muscles were compared to each other. When using a stimulation of two or four times the threshold for activation of C-bre mediated responses, the wind-up curves were shifted to the left with an early saturation of the responses, similar to those observed in the normal animals (Fig 3) . In this case, however, the pattern of the responses was similar in the three muscles studied and no signi cant differences were observed when the curves were compared. No signi cant differences were observed in the responses observed after two (data not shown) or four times the threshold for stimulation. The early increase of responses was signi cant in the ve rst pulses when compared to the control response (extensor digitorum longus and tibialis anterior: P < 0.05, peroneus longus: P < 0.01).
A-bre wind-up was never observed in any of the experiments performed in the control group of animals, regardless of the intensity of stimulation. In animals with in ammation, however, an increase of these responses was seen in units from the three muscles but this was only signi cant when stimulating at threshold intensity. In this case, the saturation of the response occurred at the stimulus number 13 for peroneus longus and tibialis anterior (P < 0.001) and 9 for extensor digitorum longus (P < 0.05). When the intensity of stimulation was increased to two or four times threshold, an early saturation of the responses was observed, similar to that seen in C-bre mediated responses.
Discussion
The results show that the characteristics of SMU wind-up in normal animals are different depending on the muscle studied; and this difference remains, despite the variations on the wind-up curve, with different intensities of stimulation. Differences in responses of SMUs to natural types of stimulation (mechanical or thermal) have been observed by us previously (Solano & Herrero 1998 ), thus the present results con rm the fact that the responses of SMUs evoked by electrical stimulation are also speci c for each muscle. These observations support the idea of a modular organization of spinal cord nociceptive hindlimb withdrawal re exes proposed by Schouenborg et al. (1994) , when the level of spinal cord excitability is normal. However, the results also show that the shape of the wind-up curves was similar in units from the three muscles during in ammation; con rming previous observations using different types of stimulation, in which the responses of SMUs were similar during hyperalgesia, and therefore that the modular organization disappears when the level of excitability of the spinal cord is higher than in physiological situations (Solano & Herrero 1998) .
A pattern common to all the experiments performed in this study is the early saturation of the wind-up curve when the intensity of stimulation was increased. This earlier saturation was not accompanied by an enhancement of the number of spikes nally recorded with each stimulus at saturation. We observed previously that an increase in the duration of the pulses resulted in an enhancement of the number of spikes recorded per stimulus (Herrero & Cervero 1996a) , but an earlier saturation, though present, was less evident than that observed in the present experiments. However, in these earlier experiments with increased stimulus pulse duration, the maximum number of spikes reached at different levels of stimulation was similar in normal animals and in animals with in ammation.
The generation of A-bre mediated wind-up was similar in the three muscles studied, and no differences were observed with increasing intensity of stimulation; as is similar to the previous observations made with different pulse duration in arthritic animals (Herrero & Cervero 1996b) . The fact that in the present study we observed A-bre mediated wind-up in units from the peroneus longus muscle contrasts with a previous study (Weng et al. 1998) in which this type of wind-up was observed in EMG recordings from the semitendinosus muscle but not from peroneus longus. In that study, the experiments were performed in rats with in ammation of the knee joint and, as Weng et al. (1998) suggested, the in ammation in a joint probably affects preferentially withdrawal re ex pathways acting on the same joint. Since peroneus longus acts preferentially on the foot joints, it is reasonable to conclude that the in ammation induced by the intraplantar injection of carrageenan in our study had affected the responses in that muscle and therefore we were able to observe the wind-up in motor units from this muscle.
In terms of function it is dif cult to be certain of the meaning of the changes observed during in ammation. What seems clear is that since the activation of the units studied is homogeneous in animals with in ammation, the movement produced by the different muscles will summate more easily and, as a result, the withdrawal re ex will be more intense. Also, the generation of A-bre mediated wind-up in in ammation implies an activation of the re ex at lower intensities of stimulation and therefore an earlier initiation after an external stimulus (see Herrero & Cervero 1996a,b for further discussion). This may represent the physiological basis in the motor system for the phenomena of allodynia and hyperalgesia described in the nociceptive system.
In conclusion, the results observed in the present study show that repetitive electrical stimulation of SMUs in different muscles evokes different wind-up, and support a modular organization of withdrawal re exes in the spinal cord. This organization, however, disappears after spinal cord sensitization, allowing an earlier and stronger response to a noxious stimulus and expressing a motor system representation of the allodynia and hyperalgesia phenomena.
